The murine Ly49 gene family encoding natural killer cell receptors for class I MHC is an example of a rapidly evolving cluster of immune response genes. Determining the genomic sequence of the 129S6/SvEvTac (129S6) Ly49 cluster and comparing it to the known sequence of the C57BL/6 (B6) region provided insight into the mechanisms of Ly49 gene evolution. 129S6 contains 20 Ly49, many of which are pseudogenes and 40% of the genes have no counterpart in the B6 genome. The difference in gene content between these two strains is primarily the result of distinct patterns of gene duplication. Phylogenetic analyses of individual exons showed that Ly49 genes form distinct sub-families and an ancestral haplotype can be surmised. Dotplot analysis supports limited allelism in the two haplotypes; however, large regions of variation punctuate these islands of colinearity. These variable regions contain a high concentration of repetitive elements that are predicted to contribute to the dynamic evolution of this cluster. The extreme variation in Ly49 haplotype content between mouse strains provides a genetic explanation for the documented differences in natural killer cell phenotype, and also indicates that differences in natural killer cell function observed between B6 and 129-derived gene-targeted mice should be interpreted with caution.
Introduction
Complete sequencing of the human and mouse genomes have provided valuable data for the study of common and divergent aspects of the immune system in these two mammalian species. While there are many differences in the presence or expression patterns of many immunerelated genes, 1 the general structure and function of the immune system is similar in the two species. Mammals, in general, appear to have a comparable make-up of immune genes. For example, sequencing of the cat MHC class II region (FLA) and a comparison to the human HLA and mouse H-2 class II regions showed remarkable similarities in the varieties of genes despite approximately 80 million years of evolution since the divergence of the most recent common ancestors. 2 However, there are some exceptions. For example, comparison of the human and mouse MHC class I gene maps shows that there is an ancestral framework of non-MHC genes in which class I-like gene subregions are located. 3 These class I-encoding subregions then independently expanded in the two species. Independent post-speciation divergence of class I MHC during mammalian evolution may explain the differential usage of killer cell Ig-related receptor (KIR) vs Ly49 class I MHC receptors in primate and rodent natural killer (NK) cells, respectively. The Ly49 family has been selectively expanded in the rodent and horse lineages, 4, 5 while only single genes have been maintained in primates, dogs, cats, pigs, and cattle. 6, 7 In contrast, KIR have expanded in primates, dog, pigs, and cows. [7] [8] [9] Identification of conserved KIR or Ly49 among species or within species haplotypes may provide valuable clues as to the importance of particular genes in immunity.
Human NK cells express the KIR family of genes. KIRs enable human NK cells to detect target cells that may have aberrant MHC expression due to infection or transformation. A single KIR haplotype can contain a variety of activating and inhibitory KIR genes, although there appears to be framework KIR genes present in all haplotypes. 10 Despite this restriction, KIR haplotypes vary widely in the numbers and types of genes they contain as evidenced by human KIR region sequencing and mapping studies. 11 Instead of KIR, mouse NK cells express the Ly49 family of genes. The type I Ig-related KIR monomers and type II lectin-like Ly49 homodimers are a remarkable example of convergent evolution of function and share many characteristics, including: (1) variegated NK (and some T) cell expression, 12 (2) MHC ligands, 13 (3) activating and inhibitory counterparts, and (4) identical adaptor and downstream signaling partners for both activating and inhibitory signaling functions. 14 Both the human KIR and mouse Ly49 genes are tightly clustered in a head to tail fashion with the mouse Ly49 genes found on mouse chromosome 6. Recent genemapping studies comparing the C57BL/6 (B6), BALB/c and 129S6/SvEvTac (129S6) inbred mouse strains have shown that mouse Ly49 haplotypes are highly plastic. [15] [16] [17] Strain-129S6 possesses the largest known Ly49 haplotype with at least 19 family members, while the smallest is BALB/c with eight Ly49 genes. The small number of BALB/c Ly49 are, in large part, due to a missing 200 kb segment, which in B6 mice contains Ly49d and h. 17 The total lack of these genes in BALB/c mice provides a genetic explanation for their deficiency in NK cellmediated CHO tumor cell killing and early resistance to murine cytomegalovirus, which are dependent on Ly49D, and H respectively. [18] [19] [20] Thus, a fifth characteristic shared by KIR and Ly49 gene families is extreme haplotype-specific variation in gene number resulting in differential NK cell function.
Recent gene-mapping studies have shown that 'framework' genes may exist for Ly49 haplotypes in mice as they do for human KIR. In order to compare the B6 and 129S6 Ly49 haplotypes to a third strain, the BALB/c Ly49 physical gene map was recently deduced. 17 Comparison of the three haplotypes showed that three gene pairs are conserved: Ly49a and c, Ly49g and i, and Ly49 e and q. However, the complete exonic sequences for the 129S6 and BALB/c Ly49 are known from cDNAs for approximately half of the genes, while the remaining predicted genes have only been identified from exon/intron fragments. Mouse strain-129 is useful for many animal models, but its greatest application is the production of gene-targeted mice through 129-derived embryonic stem cells. Knowledge of significant differences in the genome of strain-129 relative to B6 mice is important in order to avoid background effects due to close linkage of target and non-target genes, which backcrossing cannot overcome. To fully elucidate the divergent 129S6 Ly49 haplotype and gain insight into the processes involved in NK cell receptor gene evolution, this gene cluster was sequenced.
Results
Sequencing of the Ly49 gene cluster from the 129S6 inbred mouse strain In a previous report, 15 a physical map of the strain-129 Ly49 region was deduced using Ly49-containing BAC clones from a 129S6-derived genomic library. This study provided an overlapping contig of sequential BAC clones for the sequencing of this gene region. End-sequencing assisted in the identification of the minimum number of overlapping BACs needed to cover the region. BACs 201k3, 264k14, 147o20, 52o15, and 17e15 were selected, shotgun cloned, and sequenced to approximately 7x coverage. The individual BAC sequences were assembled from these shotgun clone reads. Some gaps were present in each BAC assembly, but for the most part these were predicted to be small as subclones spanned them. Size analysis by pulsed-field gel electrophoresis of BACs minus the vector showed that the actual BAC sizes were very similar to the lengths of the assembled BAC sequences (data not shown). In one case (201k3), the PFGE-estimated size showed that there is approximately 16 kb missing, but the missing sequence is spread over multiple gaps. For all other BACs, the differences in the two size determinations were not significant. As the minimum length known for a Ly49 gene with all exons is 18 kb, it is highly unlikely that unknown Ly49 remain undiscovered in any of the sequence gaps.
The BAC clone assembled sequences were then merged to generate a sequence of the entire gene cluster. A representation of the gene content and order is shown in Figure 1 . The total length of the deduced sequence for this region was 695 043 bp and contained 19 Ly49 genes. In order of appearance the Ly49 found in this region of the 129S6 genome are: a, o, i 2 , p, pd, g, i 1 , ui, u, r, ec 1 , q 3 , t, s, lr, ec 2 , q 2 , v, and e. No Ly49q 1 or Ly49b gene was present in the strain-129 regional sequence. Similar to the B6 Ly49, all strain-129 Ly49 genes were in the same orientation and the average gene length was 24 kb. The open reading frame-detection software GENSCAN 21 detected only Ly49 genes and repetitive element-associated motifs (reverse-transcriptase, gag, transposase, etc). A percent identity plot (PIP) performed against the B6 region showed that most regions have highly similar counterparts in the 129S6 and B6 Ly49 haplotypes.
The sequence of the entire strain-129 Ly49 region confirmed earlier mapping studies and resolved the order of Ly49i 2 /p and Ly49q 2 /v, which were previously only mapped to the same BAC clones. 15 The BAC sequencing also resulted in the identification of a new strain-129 gene, Ly49q 3 . Ly49q 3 is very similar in exonic sequence to Ly49q B6 and Ly49q 2 129S6 . Also like Ly49q 2 , Ly49q 3 is missing exons 6 and 7. Upstream of Ly49o, a pseudogene was found that was a strain-129 orthologue of the previously described a gene fragment from the B6 Ly49 cluster. The strain-129 and B6 a orthologues share a common location, very high sequence identity, and the presence of only exons 1, 2, 4 and 5. 16 The average gene density (including pseudogenes) over the entire 695 kb (a to Ly49e) of the strain-129 Ly49 cluster is one gene per 37 kb. For comparison, the gene density for B6 (595 kb; a to Ly49q, but not counting Ly49l-exon 7 as a gene) and BALB/c (300 kb; a to Ly49q) are one gene per 40 and 34 kb, respectively.
The 129S6 Ly49 region is highly populated with repetitive elements, especially LINE1 and to a lesser extent with LTR and SINE motifs (Table 1) . Repetitive elements constitute almost 50% of the total sequence of both the B6 and 129S6 clusters with a similar make-up of motifs. This is greater than the total for the mouse genome, which is approximately 39%. 22 In both mouse Ly49 regions, LINE1 make up 36% of the sequence, which is significantly higher than the 19% known for the total mouse genome. 22 
Although found almost
The 129S6 Ly49 cluster sequence AP Makrigiannis et al Figure 1 Genomic organization of the 129S6 Ly49 cluster. BAC subclones were sequenced and compiled to generate the complete 129S6 Ly49 cluster sequence. Ly49q1 was not present in the BACs sequenced. Advanced Pipmaker was used to construct a scale diagram of the exons and a PIP vs the B6 Ly49 sequence (single coverage). Genes and exons are marked in yellow and green, respectively. The length of the sequence in kilobases is shown underneath the PIP. Arrows show gene orientation, and the gene name is above the arrow. Obvious pseudogenes are denoted with a c. The functional status of Ly49q 2 , q 3 , lr, and ec 2 is unclear. The locations of various kinds of repetitive elements were revealed with RepeatMasker and are shown (see key). Accession numbers for individual BAC sequences are given in the Materials and methods.
everywhere, LINE1 elements were especially concentrated between genes, between exons 5 and 6, 6 and 7, and sometimes between exon À1a and 1. Ly49t was unique in having a large LINE1 element between exons 1 and 2. The large intergenic region between Ly49v and e contained an unusually high number of LTR elements and is highly similar to the LTR-rich region between Ly49x and e of the B6 haplotype. This region has been hypothesized to act as a regulation barrier for Ly49e and q, which have different cell-type expression patterns compared to the other Ly49. 16 The average GC content of the 129S6 and B6 Ly49 regions is 37.84 and 37.93%, respectively. When repeats are taken out, the GC content of both Ly49 regions is B35%.
Transcriptional control elements of 129S6 Ly49
Studies of Ly49 promoter elements have revealed three distinct sites of transcript initiation, Pro1, Pro2, and Pro3. 23, 24 Pro1 is a bidirectional promoter complex that is active early in NK cell development, and the ability of this element to function as a probabilistic switch provides a potential explanation for the selective expression of Ly49 proteins in subsets of NK cells.
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Pro2 is a major site of transcript initiation detected in mature NK cells, and Pro3 is an additional promoter detected 5 0 of the first coding exon (exon 2). A comparison of the Pro1 and Pro2 regions of the 129S6 Ly49 genes is shown in Figure 2 . Sequence alignments reveal that there are two classes of Pro1 element, an inhibitory type and an activating type. The Pro1 element may not be functional in the activating Ly49 genes, since there have been no Pro1 transcripts detected from any of the activators. Although the Pro1 elements of the inhibitory Ly49 genes are generally conserved, the Pro2 promoters can be classified into three distinct inhibitory groups and one activator group: group 1 ¼ Ly49g, o, t, and v; group 2 ¼ Ly49q 1 , q 2 , and q 3 ; group 3 ¼ Ly49e, ec 1, ec 2 , i 1 , i 2 , and s; group 4 ¼ Ly49r, lr, p, pd, and u.
The Pro1 element present in the B6 Ly49j gene was found to have only a weak forward promoter activity, providing a potential explanation for the expression of Ly49J on only a minor subset (5%) of NK cells as compared to the significantly larger subset (35%) expressing the highly related Ly49I protein. 25 The weak forward activity of the Ly49j Pro1 element was associated with a 19 bp deletion adjacent to the forward TATA element. Comparison of the B6 Ly49j Pro1 element with the 129S6 genes reveals that the Ly49i 1 Pro1 is nearly identical to the Ly49j element. This suggests that Ly49I 1 expressing NK cells would be expected to represent only a small subset in the 129S6 strain.
A Pro1 element and exon À1a was identified in the majority of the strain-129 Ly49 genes with the exception of the Ly49q series and the Ly49lr gene ( Figure 1 ). No regions with homology to Pro1 were detected in the Ly49q genes, and the Pro2 region of these genes is distinct from the other Ly49 genes, which may account for the distinct expression pattern of the Ly49Q receptor. 26 The Ly49lr gene is highly related to the Ly49d and Ly49r genes, and the Pro2 region of these genes shares 99% nucleotide identity, suggesting that Ly49lr has a potentially active adult promoter; however, transcripts of The region scanned for repeats in the 129S6 cluster was from the beginning of the a gene fragment to the end of Ly49e (695 kb). The region analyzed for the B6 cluster was from the beginning of the a gene fragment to exon 6 of Ly49q (561 kb).
The 129S6 Ly49 cluster sequence AP Makrigiannis et al Ly49lr could not be detected by RT-PCR (data not shown). The Pro1 region of Ly49lr is absent as a result of a 1660 bp deletion that deletes the majority of exon À1a and the upstream region containing Pro1. Deletion of the Ly49a Pro1 region was shown to abolish expression in a transgenic mouse model suggesting that the lack of detectable Ly49lr transcripts may be due to the deletion of the Pro1 element. 27 Analysis of new 129S6 Ly49 exonic sequences Sequencing of the 129S6 Ly49 region revealed the full exon sequences of 19 Ly49 and allowed the functional status of these genes to be determined. Previously, based on exon 3-4 fragments, Ly49lr, pd, and ui were predicted to be activators as they contained an arginine codon in their transmembrane domain. 15 In this study, sequencing of exon 2 confirmed that these Ly49 did not have intact ITIM sequences. All other 129S6 Ly49 described here had ITIM (and no transmembrane arginine codon) ( Table 2 ). However, Ly49ec 1 , i 2 , pd, ui, and a contain major defects in their exonic sequences including small deletions and insertions resulting in frameshifts, early in-frame stop codons, and missing exons indicating they are likely pseudogenes (Table 2 ). Ly49lr exon sequence was intact, but no transcript could be detected by RT-PCR (data not shown). Ly49ec 2 also had no obvious exonic anomalies, but RT-PCR resulted in only Ly49ec 1 transcripts being detected due to the very high level of sequence identity between these genes (data not shown). Therefore, the functional status of Ly49ec 2 is unknown and Ly49ec 1 appears to be a transcribed pseudogene. Ly49q 2 and q 3 transcripts were detected in splenocytes, but as two of three exons coding for the ligand-binding domain are missing the functional status of these genes is unknown. A new final exon (exon 8) was found for Ly49g, u, s, ec 2 , and e (Figure 1 ). This exon is non-coding, and unlike all other Ly49 introns, intron 7 is very small with a length of 80-100 bp and has also been reported for some B6-Ly49. 16 In order to better understand the relationships among the new Ly49, a sequence comparison of all 129S6 Ly49 cDNAs was performed. The cDNA-coding region of all new genes was also included and was assembled from putative exonic sequence based on known splicing boundaries in highly related genes. The cDNA for Ly49b from strain-129, which is not present in the sequenced cluster, has been deposited in GenBank (Accession AF395446). We had previously shown that an exon 3-intron 3-exon 4 gene fragment with very high sequence similarity to Ly49q B6 existed in the 129S6 genome downstream of Ly49e 129S6 and had been assigned as Ly49q 1 129S6 . 15 In this study, RT-PCR of strain-129 splenic RNA, using primers capable of amplifying Ly49q B6 , was performed and allowed the identification of the full coding region sequence of Ly49q 1 129S6 . The strain-129 allele of Ly49q is highly similar to both the B6 and BALB/c alleles with approximately 98% identity at the protein level (Figure 3a) . In addition to the spleen, Ly49q 1 129S6 mRNA could be detected in the liver, lung, kidney, and IL-2-activated NK cells (Figure 3b ). Weak expression in the heart was consistently detected and may have been due to blood leukocytes that are known to express Ly49q.
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A phylogenetic analysis of all assembled and aligned, full length strain-129 and B6 Ly49 cDNAs (including known and putative genes and Ly49l from BALB/c) was performed. A bootstrapped consensus tree was generated that displayed the evolutionary relationship among the different members of the Ly49 family (Figure 4 ). The major subfamilies are displayed in their own color. These include the activating D-like (Ly49d, r, lr, x, p, pd), , ec 1 , and ec 2 ), we determined this level of subdivision was adequate for the evolutionary analyses presented here. The carbohydrate recognition domains (CRD) of some pairs of activating and inhibitory sub-groups are highly similar, probably reflecting gene-conversion or recombination events and so are labeled in similar shades (for example: D and A, H and I, and G and L subfamilies). Phylogenetic analysis of individual exons shows that exon 2 (cytoplasmic domain) and exon 3 (transmembrane) clustering is similar, but different from the clustering for exons 4 (stalk), 5, 6, and 7 (CRD) (Figure 4 ). This suggests that recombination events took place between exons 3 and 4 for the formation of 'hybrid' Ly49. Bootstrap analysis strongly supports the groupings shown here. A bootstrapped consensus tree created with the CRD-coding exons was very similar to the individual trees shown for exons 5-7 (data not shown). The phylogenetic polarization of the exons coding for the CRD may have implications for the types of ligands with which these two greater Ly49 subfamilies (A/D/G/L vs H/C/E) interact.
Comparison and evolution of the 129S6 and B6 Ly49 haplotypes Phylogenetic analysis also showed that relative to the B6 Ly49 haplotype, the 129S6 Ly49 cluster expanded through a significantly different series of events. Relative to B6, the 129S6 haplotype development consists of two extra duplications of a D-like gene resulting in Ly49p and pd, two extra duplications of an E-like gene (Ly49ec 1 and ec 2 ), two extra duplications of a Q-like gene (Ly49q 2 and q 3 ), and single duplications of a G-like gene (Ly49t), and an A-like gene (Ly49v). In further contrast to the B6 haplotype, 129S6 has one less duplication of the H-like and I-like Ly49, and has no L-like members.
When the Ly49 gene-sizes and gene-types of the B6 and 129S6 haplotypes were displayed graphically ( Figure 5 ) we observed the following: (1) the numbers of genes and the size of Ly49 haplotypes can vary widely, (2) the types of genes (activators vs inhibitors, and different subfamily representation) in these haplotypes likewise differ, and (3) there are regions of conserved gene content between the two haplotypes. These regions form a framework that can be used to show the evolutionary steps of major events that led to the present day B6 and 129S6 haplotypes from a most recent common ancestral haplotype ( Figure 6 ). While the order of Ly49 region modifications cannot be verified unless mice with these intermediary haplotypes are found, the model follows the most likely routes based on coding region nucleotide identity. The model is also supported by some gene duplications that have inherited obvious landmarks such as the missing exons 6 and 7 of Ly49q 2 and q 3 , which indicate these as being derived from each other vs Ly49q 1 . It is interesting to note that Ly49q 2 and q 3 appear to have been part of separate block duplications with Ly49ec 2 , and ec 1 , respectively. Ly49ec 1 , and ec 2 are much closer in sequence identity to each other than to their most likely common ancestor, Ly49e (see Figure 4) . It is not obvious which block duplication from Ly49q and e first occurred.
The graphical comparison in Figure 5 also indicates that Ly49pd and Ly49l are not allelic as previously hypothesized, and this conclusion is supported by total cDNA and individual exon analysis (Figure 4) . However, Ly49x may also be a 'framework' gene (ie present in all haplotypes), but this will depend on the elucidation of the complete Ly49x BALB genomic sequence. In the PIP shown in Figure 1 , when single coverage (nonlinear) analysis is used most regions of the 129S6 Ly49 cluster have a very high match to the B6 haplotype showing that both haplotypes are clearly related. The relationship, however, is only partially linear as shown by Dotplot analysis comparing the B6 and 129S6 region sequences (Figure 7a ). The flanking sequences are clearly related with a strong match evident from a to Ly49c in the B6 and a to Ly49i 2 in the 129S6 haplotype. The similarity ends with Ly49p and pd, which are clearly different from Ly49m and j. The B6-Ly49g, i, and h genes also match well to their 129S6 counterparts. After the Ly49h gene the sequence colinearity falls off dramatically and reappears at the other end with Ly49e. Limited sequencing of a BAC containing the Ly49e 129S6 -Ly49q 1
129S6
intergenic region and the complete Ly49q 1 129S6 gene suggests that this area is highly conserved relative to the B6 cluster (data not shown). The B6 and 129S6 Ly49 are highly homologous to each other in the coding and noncoding regions as shown by the plethora of Ly49-length lines throughout the Dotplot. Similar results are found when the 129S6 cluster sequence is compared to itself (Figure 7b ). Only short stretches (single gene lengths) of colinearity are seen, even among obvious block duplications such as the Ly49q and e triplication. This may be due to constant assault from transposons on intergenic and intron regions, and implies that the Ly49q/ e block duplications are relatively old. Figure 4 Phylogenetic analysis of all strain-129 and B6 Ly49 cDNAs by exon. The total nucleotide coding region and individual exons from all strain-129 and B6 Ly49 were aligned with ClustalX. Phylip was used to perform bootstrap analysis (1000 replicates) of the different cDNA alignments. Bootstrap values for major branchings are shown. A radial tree with the best supported branching was generated using TreeExplorer. Ly49b and q-related genes were omitted from exon 5-7 analyses to simplify tree shape. Different Ly49 subfamilies grouped according to total cDNA clustering are labeled in different colors to emphasize the hybrid nature of different genes. The scale-bar underneath each tree represents the percent divergence of the various sequences.
Discussion
To gain insight into the complexity of Ly49 genomics and evolution, the Ly49 cluster was sequenced from a previously assembled BAC contig map of this region of the inbred 129S6 mouse strain. 15 Strain-129 was originally chosen for the study of NK cell receptor diversity due to extreme differences compared to B6 mice in NK cell surface receptor expression and functional phenotypes. Strain-129 is especially important for its general use in the construction of gene knockout mice. Based on Ly49 RFLP studies, cDNA cloning, gene mapping, and FACs analysis with haplotype-differentiating anti-Ly49 antibodies, the 'strain-129' Ly49 haplotype is present among the following inbred mouse strains: 129P3, 129X1, 129S6, C57L/J, C57BR/cdJ, SJL/J, and FVB/N. 28, 29, 15 The 129S6 Ly49 gene cluster spans 695 kb and contains 19 genes not including Ly49q 1 and b. This cluster includes five obvious and up to nine potential pseudogenes. The large number of pseudogenes containing all exons and intact promoter regions is intriguing. One possible explanation for their retention could be that they are involved in generating new genes by gene conversion, as this phenomenon has been observed for immunoglobulin variable gene segments and proposed for the human class I MHC region where 96/224 genes are not predicted to be expressed or translated. 30, 31 The Ly49 haplotypes of two different inbred mouse strains, B6 and 129S6, have now been sequenced. Allelic regions can be identified between B6 and 129S6 Figure 5 Scale diagram of the 129S6 and B6 Ly49 regions. Rectangles represent the length of genes from the first (À1a, if known, or 1) to last exons (7 or, in some cases, 8; Ly49q 2 and q 3 end at exon 5). The B6 Ly49 map was constructed as described in the Methods. Ly49l in the B6 map contains only exon 7. The colors for different genes were based on the subfamily phylogeny of Figure 4 haplotypes, but are surrounded by noncontiguous sequence (Figure 7a ). The extreme polymorphism in the intergenic region between Ly49 is again reminiscent of the class I MHC in humans where the most polymorphic gene loci had the highest variation in surrounding noncoding sequence. 30 In addition, the 129S6 haplotype has more 'complete' genes (all exons) and more functional transcribed genes than the B6 cluster. Both 129S6 and B6 haplotypes appear to be much larger in terms of numbers of genes and total size than the BALB/ c Ly49 haplotype, which contains eight potential genes spread over 300 kb. 17 The reason for the large number of inhibitory Ly49 has been hypothesized to allow a greater diversity in individual NK cell subsets, which in turn would be more likely to contain populations that can react to specific downregulation of MHC isoforms. If this is true, one would predict that NK cell surveillance for specific MHC-downregulation resulting from infection or transformation would be most efficient in 129S6 (8 inhibitory, NK cell-expressed Ly49), followed by B6 (7), and then in BALB/c (4). However, for the comparison to be meaningful all these Ly49 haplotypes would have to be on the same genetic background to eliminate non-Ly49 immune contributions.
Including Ly49q 1 129S6 , there are 11 confirmed functional genes within the main 129S6 cluster, and 12 when Ly49b is included. Ly49q 1 129S6 is very similar to the B6 allele and is easily detectable in hematopoietic (spleen and liver) and nonhematopoietic tissues (lung and kidney) by RT-PCR (Figure 3a, b) . Recent studies have shown that Ly49q B6 is expressed on the cell surface of granulocytes and macrophages and it can be induced with IFN-g. 26 We were able to amplify Ly49q 1 129S6 from mRNA isolated from adherent IL-2 activated NK cell cultures, although whether Ly49q 1 129 is present on these NK cells or contaminating granulocytes in the culture is unclear. Relative to B6 and BALB/c, there are two duplications of the Ly49q gene in the 129S6 genome, Ly49q 2 and q 3 . The functionality of Ly49q 2 and q 3 is in doubt as they are missing exons 6 and 7, which are essential as they code for most of the ligand-binding domain.
The Ly49 cluster is densely populated by repetitive elements, especially the LINE1 class of non-LTR retrotransposons ( Figure 1 and Table 1 ). Mobile elements facilitate genome evolution in a number of ways that can be destructive or constructive. 32 For example, LINE1 insertions may help to promote unequal homologous recombinations that lead to tandem gene duplications. This is seen for the H-like subfamily in B6 where Ly49n, h, and k are clustered together on the chromosome. Similarly, in the 129S6 cluster Ly49p and pd share high sequence homology and are found together and are most likely the result of tandem duplication. Introduction of LINE1 elements into introns may also promote early transcript termination due to strong poly(A) signals in LINE1. In addition, LINE1 promoters can affect neighboring gene transcription rates. Thus, it is likely that the plethora of LINE1 elements in the Ly49 region has facilitated rapid evolutionary change for this gene family. Finally, a recent report has found an increased concentration of LINE1 motifs surrounding mono-allelically expressed genes. 33 In agreement with this report, several Ly49 have been shown to be expressed in single NK cells from either or both alleles in a probabilistic fashion. 34, 35 In addition to complete gene duplication, it is possible that unequal homologous recombination at repetitive elements such as LINE1 also facilitates recombination between exon groups (such as exons 2, 3 and 4-7) and has allowed the evolution of 'hybrid' Ly49. For example, Ly49u appears to be a product of the 5 0 half of Ly49r and the 3 0 half of Ly49i 1 , with the B6 alleles being Ly49h, d, and i, respectively. The hypothetical haplotype derivation shown in Figure 6 proposes that the Ly49r-like and Ly49i-like chimerization took place before the divergence of the B6 and 129S6 haplotypes. However, the recombination that led to Ly49m in B6 seems to have taken place after this evolutionary split. The 5 0 and 3 0 regions of Ly49m are closely related to the same regions of Ly49d and g, respectively, and so Ly49m may also be the result of recombination between activating and inhibitory Ly49 genes. The possible evolution of the B6 and 129S6 Ly49 clusters shown in Figure 6 agrees with that of Wilhelm et al 16 in the kinds of duplications and recombinations that took place. However, in the present model the Ly49t and q/e duplications are specific to the 129S6 derivation and were never a part of the evolutionary history of the B6 haplotype. In the former model, the Ly49ec 1 and q 3 second duplication would have occurred before the Ly49lr and v recombination. It was previously hypothesized that a recombination between Ly49lr and v gave rise to the Ly49x gene in B6 mice, thus deleting Ly49ec 2 and q 2 ;
15 however, new exonic data in the present report suggest that Ly49x and lr are possible alleles. The model in Figure 6 also differs from that of Wilhelm et al in that it does not take into account possible gene conversion events.
While the 129S6 Ly49 haplotype contains the most Ly49 known for any one haplotype, it may not be the largest. The NOD mouse expresses a unique assortment of Ly49, including the most known functional activating Ly49. 36 The number of functional activating Ly49 appears to be proportional to the total number of genes. The ratio of functional activating Ly49 to total Ly49 genes for the known haplotypes is: BALB/c, 1/8; B6, 2/14; 129S6, 3/19. With four functional activating Ly49, the NOD Ly49 haplotype may be larger than 129S6. The recent description of the genomic organization of the first rat Ly49 haplotype (strain: BN/SsNHsd/MCW) with 36 complete or almost complete genes over 1.8 Mb supports the possibility of larger murine Ly49 haplotypes. 37 The complete sequence characterization of the Ly49 cluster from 129S6 and B6 mice has yielded considerable information on the potential repertoire of class I MHC receptors, their evolution, and elements controlling their expression. Finally, the extreme genetic polymorphism found in this immunologically important region demands caution in the interpretation of gene-knockout studies involving NK cell function when the mutant mouse is derived from a 129-ES cell and the identity of the Ly49 cluster has not been shown, even after many backcross generations. Future investigation of other distinct murine Ly49 genotypes will help to further define the evolution and function of this interesting gene cluster.
Materials and methods
Animals and cell culture 129S6 mice were bred and maintained at the IRCM animal care facility in accordance with institutional guidelines. Plastic-adherent IL-2 activated NK cells were prepared from splenocytes as previously described. 34 cDNA cloning and tissue RT-PCR Total RNA was extracted from mouse plastic adherent lymphokine-activated killer cells and various mouse organs using TRIzol reagent (Invitrogen, Montreal, QC, Canada). Complementary DNA was produced using Superscript First Strand cDNA synthesis kit (Invitrogen). For full-length cloning and expression studies, Ly49q 1
129S6
(GenBank Accession: AY642595) was amplified from cDNA as previously described. 17 GAPDH cDNA was amplified with forward primer 5 0 -ACTCACGGCAAATT CAACGGC and reverse primer 5 0 -ATCACAAACATG GGGGCATCG. PCR cycling parameters used were: 941C 30 s, 571C 30 s, 721C 1 min, 30 cycles.
Identification of BAC clones for sequencing
The 129S6 Ly49 gene cluster was sequenced using a sequence-ready minimal BAC tiling path that had been identified in a prior study from a 129S6/SvEvTac in-bred mouse genomic BAC library (RPCI-22; BACPAC Resources, Oakland, CA, USA). 15 The following BAC clones were selected for complete sequencing: 201k3, 264k14, 147o20, 52o15, and 17e15.
BAC clone sequencing BAC plasmid DNA from each BAC clone was purified, physically sheared into 2-4 kb fragments, end-repaired, and cloned into pUC19 as previously described. 38 Subclones were bidirectionally sequenced using M13-forward and M13-reverse universal primers using Big Dye Terminators (Applied Biosystems, Foster City, CA, USA). Approximately 7-fold redundant sequencing was performed using AB13730XL instruments (Applied Biosystems). Each BAC was individually assembled using CONSED version 13.0 (http://www.phrap.org/ consed/consed.html), 39 and sequence contigs were ordered and oriented using subclone read-pair information. The BAC clone assembled sequences are available under the following accessions: 201k3 (AY686474), 264k14 (AY686475), 147o20 (AY686476), 52o15 (AY686477), and 17e15 (AY686478). Merging the BAC clone sequences into a single contiguous sequence of 695 kb resulted in a regional sequence. The 129S6 regional sequence is available as supplementary material at http://www.ircm.qc.ca/microsites/amakrigiannis/en/.
Sequence analysis
The B6 Ly49 cluster sequence was assembled using the following GenBank Accession files: AC087336 (a exon 1-Ly49l exon 7; 165 870-1 (reverse)), AC090127 (Ly49g exon 6-Ly49f exon 6; 1-212 404), AC090563 (Ly49d exon 7-Ly49q exon 6; 160 734-35 273 (reverse)). The gap between Ly49l and g was filled with sequence from Ensemble (mouse chromosome 6, May 2004 release, 130 973 035-130 907 915 (reverse)), which is not in GenBank. The location of exon 7 of Ly49q B6 was also found in Ensemble. Dotplot comparison of 129S6 vs B6 and itself was performed using Dotter (available from http:// www.cgb.ki.se/cgb/groups/sonnhammer/Dotter.html). 40 Repetitive elements were identified with Repeatmasker version 3.0.0 (AFA Smit and P Green, unpublished; available at http://www.repeatmasker.org/). A PIP of the repeat-masked 129S6 vs B6 Ly49 sequence was constructed using Advanced Pipmaker with a setting of single coverage (available at http://pipmaker.bx.psu.edu/pipmaker/). 41 To facilitate Dotter and Pipmaker analysis, some small gaps in noncoding, but highly conserved, areas were filled using the B6 sequence. This sequence constituted less than 1% of the total 129S6 regional sequence and does not appear in the GenBank submission. The B6 Ly49 cluster sequence and the 129S6 vs B6 PIP (Figure 1 ) are also available as supplementary material at http://www.ircm.qc.ca/ microsites/amakrigiannis/en/.
Detection of open reading frames was performed with GENSCAN (available at http://genes.mit.edu/ GENSCAN.html). 21 Putative cDNA sequences were constructed from new exon data and aligned using ClustalX version 1.81. 42 Bootstrap analysis of 1000 replicates was then performed using PHYLIP (Phylogeny Inference Package) version 3.5c as previously described (available at http://evolution.genetics. washington.edu/phylip.html). 17, 43 Phylograms were constructed with TreeExplorer version 2.12 (K Tamura, unpublished; available from http://evolgen.biol.metrou. ac.jp/TE/TE_man.html).
